By density functional theory calculations, we predict a stable two-dimensional (2D) ferromagnetic semiconductor Cr2Ge2Se6, where the Curie temperature T c can be dramatically enhanced beyond room temperature by applying a few percent strain. In addition, the anomalous Hall conductivity in 2D Cr2Ge2Se6 and Cr2Ge2Te6 is predicted to be comparable to that in ferromagnetic metals of Fe and Ni, and is an order of magnitude larger than that in diluted magnetic semiconductor Ga(Mn,As). The enhanced T c in Cr2Ge2Se6 by strain can be understood by superexchange interaction with two mechanisms. One is the enhanced direct antiferromagnetic coupling between Te/Se and Cr, and the other is the enhanced ferromagnetism due to decreased 3d orbital occupation number n d of Cr away from the critical value, at which the nonmagnetic state is obtained. Our finding highlights the microscopic mechanisms to obtain the room temperature ferromagnetic semiconductors by strain.
Combining magnetism and semiconductor enables the development of magnetic semiconductors, a promising way to realize spintronic applications based on use of both charge and spin degrees of freedom in electronic devices [1, 2] . The highest Curie temperature of the most extensively studied magnetic semiconductor (Ga,Mn)As has been T c = 200 K [3] , still far below room temperature. The room temperature ferromagnetic semiconductors are highly required by applications. Recent advances in magnetism in two-dimensional (2D) van der Waals materials have provided a new platform for the study of magnetic semiconductors [4] . The Ising ferromagnetism with out-of-plane magnetization was observed in monolayer CrI 3 in experiment with T c = 45 K [5] . The Heisenberg ferromagnetic state was obtained in 2D Cr 2 Ge 2 Te 6 in experiment with T c = 28 K in bilayer Cr 2 Ge 2 Te 6 [6] , where the corresponding bulk was known as a layered ferromagnet with spin along c axis and T c = 61 K in experiment [7] . A large remanent magnetization with outof-plane magnetic anisotropy was recently reported in experiment in the 6-nm film of Cr 2 Ge 2 Te 6 on a topological insulator (Bi,Sb) 2 Te 3 with T c = 80 K [8] . The magnetic structure in monolayer CrI 3 and Cr 2 Ge 2 Te 6 was recently discussed in terms of Kitaev interaction [9] . The ferromagnetism with high T c was also reported in experiment in the monolayer VSe 2 [10] and MnSe 2 [11] . Despite the relatively small number of monolayer ferromagnetic materials realized in experiment, predicting promising candidates by first principles calculations can provide reliable reference for experiments [12] . Researchers have also studied possible 2D ferromagnetic materials by machine learning [13] and high-throughput calculations [14] .
Several methods are used to control the magnetic states in these recently discovered 2D materials. By tuning gate voltage, the switching between antiferromagnetic and ferromagnetic states in bilayer CrI 3 was obtained in experiment [15] . Using gate voltage, the enhancement of ferromagnetism in 2D Fe 3 GeTe 2 was observed in recent experiment [16] . In 2D transition metal dichalcogenides, which are non-magnetic, the strain is used to modify the optical and electronics properties [17] . The effect of strain is studied to affect the ferromagnetism in monolayer Cr 2 Ge 2 Te 6 [18] and CrX 3 (X = Cl, Br, I) [19] . The electric field effect was discussed in experiment in magnetic multilayer Cr 2 Ge 2 Te 6 [20] .
In this paper, by density functional theory calculations we predict a stable 2D ferromagnetic semiconductor Cr 2 Ge 2 Se 6 . We find that T c = 144 K in Cr 2 Ge 2 Se 6 , which can be enhanced to T c = 326 K by applying 3% strain, and T c = 421 K by 5% strain. On the other hand, T c in 2D semiconductor Cr 2 Ge 2 Te 6 is about 30 K in our calculation, close to the value of T c = 28 K in recent experiment [6] . In addition, the anomalous Hall conductivity in 2D Cr 2 Ge 2 Se 6 and Cr 2 Ge 2 Te 6 is predicted to be comparable to that in ferromagnetic metals of Fe and Ni [21] [22] [23] , and is an order of magnitude larger than that in diluted magnetic semiconductor Ga(Mn,As) [24, 25] . The strain is found to have two effects in terms of superexchange interaction to enhance the T c in Cr 2 Ge 2 Se 6 . One is the enhanced direct antiferromagnetic coupling between Se and Cr, and the other is the enhanced ferromagnetic coupling by decreased 3d orbital occupation number n d of Cr away from the critical value, at which the nonmagnetic state is obtained. Our finding highlights the microscopic mechanisms to obtain the room temperature magnetic semiconductors by strain.
The density functional theory (DFT) calculations are done by the Vienna ab initio simulation package (VASP) [26] .
The spin-polarized calculation with projector augmented wave (PAW) method, and general gradient approximations (GGA) in the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional are used. To- tal energies are obtained with k-grids 9 × 9 × 1 by Mohnkhorst-Pack approach. The lattice constants and atom coordinates are optimized with the energy convergence less than 10 −6 eV and the force less than 0.01 eV/Å, where a large vacuum of 20Å is used to model a 2D system. The phonon calculations are performed with density functional perturbation theory (DFPT) by the PHONOPY code [27] . Size of the supercell is 3 × 3 × 1, where the displacement is taken by 0.01Å.
For the on-site Coulomb interaction U of Cr ion, parameter U is chosen to test as 3, 4, and 5 eV, which are the reasonable U values for 3d transition metal insulators [28] . We found that the lattice slightly increases by 0.2% with these U parameters. When we study the magnetism in 2D Cr 2 Ge 2 Te 6 with these values, we obtained the ferromagnetic ground state for U = 4 eV, and antiferromagnetic ground state for U = 5 eV. Because the ferromagnetic state is obtained in 2D Cr 2 Ge 2 Te 6 in experiment [6] , we fixed the parameter U = 4 eV in our following calculations for 2D Cr 2 Ge 2 Te 6 and Cr 2 Ge 2 Se 6 .
Based on the DFT results, the Curie temperature is calculated by using the Monte Carlo simulations [18, 19] based on the 2D Ising model, where a 60 × 60 supercell was adopted, and 10 5 steps are performed for every temperature to acquire the equilibrium. The anomalous Hall conductivity is calculated with Wannier90 code [29] and WannierTools code [30] .
Crystal Stability-We study the stability of the 2D new material Cr 2 Ge 2 Se 6 . We propose this material guided by the recently reported 2D material Cr 2 Ge 2 Te 6 in experiment, and we replace Te by Se. The crystal structure of Cr 2 Ge 2 Se 6 is shown in Fig. 1 (a) for top view and 1 (b) for side view, where the space group number is 162 (P-31m). The structure is obtained by the fully relaxed calculation. The optimized lattice constant of 2D Cr 2 Ge 2 Se 6 is calculated as 6.413Å, which is smaller than the lattice constant 6.8275Å of Cr 2 Ge 2 Te 6 in experiment. It is reasonable because Se has a smaller radius than Te. We examine the stability in terms of phonon spectrum, where the Brillouin zone is shown in Fig. 1(c) . As shown in Fig. 2(a) , there is no imaginary frequency in the phonon dispersion near Γ point. It predicts that the crystal structure of monolayer Cr 2 Ge 2 Se 6 is stable. In addition, the electronic band structure of Cr 2 Ge 2 Se 6 is shown in Fig. 2(b) . An indirect band gap of 0.748 eV is observed, and monolayer Cr 2 Ge 2 Se 6 is a semiconductor.
Magnetic States-To study the magnetic ground state of 2D Cr 2 Ge 2 Se 6 , we examine the possible states with paramagnetic, ferromagnetic and antiferromagnetic configurations. The calculations reveal that the energy of the paramagnetic state is 6 eV higher than the ferromagnetic and antiferromagnetic sates. Fig.3(a) shows four possible magnetic sates of 2D Cr 2 Ge 2 Se 6 : ferromagnetic (FM) state, antiferromagnetic (AFM) Néel state, AFM stripe state, and AFM zigzag state. The calculations show that the FM state is the most stable state, and the energy difference between the FM and the AFM configuration is more than 30 meV as listed in Table I . Furthermore, as shown in Fig. 3(b) , the calculations show that the lowest energy of ferromagnetic state is obtained when the magnetization direction is perpendicular to the twodimensional materials, with magnetic anisotropy energy of 0.32 meV per unit cell of Cr 2 Ge 2 Se 6 . As listed in Table I, the calculation shows that for 2D Cr 2 Ge 2 Se 6 , the spin momentum of Cr atom is 3.4 µ B , and the occupation Table I , which was obtained by the DFT calculations. The obtained normalized magnetization as function of temperature is shown in Fig.4 (a) . The experimental result of magnetization for Cr 2 Ge 2 Te 6 is taken from temperature-dependent Kerr rotation of bilayer Cr 2 Ge 2 Te 6 with T c = 28 K [6] . The calculated Curie temperature is T c = 30 K for the monolayer Cr 2 Ge 2 Te 6 , which is close to the experimental value. It is noted that for simplicity the Ising model is applied in our Monte Carlo simulation, while the Heisenberg model with magnetic anisotropy was suggested in experiment [6] . In addition, the estimated Curie temperature T c could be even larger by using the mean field approximation [14] . The calculated Curie temperature for monolayer Cr 2 Ge 2 Se 6 is T c = 144 K, which is about 5 times higher than the T c = 30 K for monolayer Cr 2 Ge 2 Te 6 by the Monte Carlo simulation. More interestingly, the Curie temperature can be enhanced to T c = 326 K by applying 3% strain, and T c = 421 K with 5% strain, as shown in Fig. 4(a) . Our result predicts that monolayer Cr 2 Ge 2 Se 6 by applying a few percent strain can be a promising candidate for room-temperature ferromagnetic semiconductor.
Anomalous Hall Conductivity-As the magnetization direction is out-of-plane with an easy axis along c direction in 2D Cr 2 Ge 2 Te 6 and Cr 2 Ge 2 Se 6 , it is interesting to study the anomalous Hall conductivity due to the Berry curvature of band structure. By the DFT calculations, the results are shown in Fig. 4(b) . The magnitude of anomalous Hall conductivity σ xy for the p-type Cr 2 Ge 2 Se 6 and n-type Cr 2 Ge 2 Te 6 can be as large as 4 × 10 2 (Ω cm) −1 . This value is comparable to the σ xy in some ferromagnetic metals, such as σ xy = 7.5 × 10 2 in bcc Fe [21, 22] , and σ xy = 4.8 × 10 2 (Ω cm) −1 in fcc Ni [23] due to the Berry curvature of band structures. More importantly, the estimated σ xy in 2D magnetic semiconductors Cr 2 Ge 2 Te 6 and Cr 2 Ge 2 Se 6 is an order of magnitude larger than the σ xy of classic diluted magnetic semiconductor Ga(Mn,As) [24, 25] .
Mechanisms of Enhanced T c -The ferromagnetism in Cr 2 Ge 2 Te 6 comes from the superexchange interaction [7, 20] , which is also expected in Cr 2 Ge 2 Se 6 . By the superexchange model, the Cr(3d)-Te(5p)/Se(4p)-Cr(3d) bond induces the indirect magnetic coupling between two Cr ions, bridged by the p orbitals of center Te/Se ion. There are two factors determining the superexchange interaction, one is the direct antiferromagnetic coupling between Te/Se and Cr, and the other is the 3d orbital occupation number n d of Cr.
As shown in Table I , the length of bond Se-Cr in Cr 2 Ge 2 Se 6 is 2.64Å, which is smaller than the value of 2.827Å for the length of bond Te-Cr in Cr 2 Ge 2 Te 6 . Because the shorter bond can induce stronger direct exchange coupling, the antiferromagentic exchange coupling between Se-Cr in Cr 2 Ge 2 Se 6 can be stronger than that between Te-Cr in Cr 2 Ge 2 Te 6 . As a result, the stronger mediated ferromagnetic coupling between Cr ions, and the higher T c in Cr 2 Ge 2 Se 6 are expected. But this mechanism cannot be applied to explain the strain-enhanced T c in Cr 2 Ge 2 Se 6 . As shown in Table I , the length of bond Se-Cr in Cr 2 Ge 2 Se 6 with 5% strain is 2.697Å, larger than the value 2.64Å of Se-Cr in Cr 2 Ge 2 Se 6 without strain. The same argument gives the result that the T c in Cr 2 Ge 2 Se 6 should decrease with strain, while the opposite results of T c are obtained in calculation as shown in Table I .
In fact, the antiferromagnetic coupling between the bond Se(4p)-Cr(3d) can be estimated from the partial density of state (PDOS) of Se and Cr. The direct exchange coupling between Se and Cr should be proportional to the product of the occupied PDOS of Se 4p and Cr 3d orbitals. By density functional theory calculations, the obtained PDOS for 2D Cr 2 Ge 2 Te 6 , Cr 2 Ge 2 Se 6 , and Cr 2 Ge 2 Se 6 with 5% strain are shown in Fig.5 . It is observed that the occupied PDOS of Cr 3d orbital does not change so much, while the occupied PDOS of Se 4p in Cr 2 Ge 2 Se 6 is larger than that of Te 5p in Cr 2 Ge 2 Te 6 as shown in Fig. 5(a) . So, the product of occupied PDOS of Cr(3d) and Se(4p) is larger than that of Cr(3d) and Te(5p), and the antiferromagnetic coupling between Se(4p) and Cr(3d) in Cr 2 Ge 2 Se 6 should be larger than that in Cr 2 Ge 2 Te 6 . The similar result is observed for the Cr 2 Ge 2 Se 6 with and without strain as shown in Fig. 5(b) , where the occupied PDOS of Se 4p increase by strain, and thus the antiferromagnetic coupling between neighboring Se(4p) and Cr(3d) increases by strain.
The other factor affecting the superexchange is the 3d orbital occupation number n d of Cr. As shown in Fig. 6 , we propose a mechanism based on 3d orbital occupation number n d of Cr. In summary, by the DFT calculations we predict a stable 2D ferromagnetic semiconductor Cr 2 Ge 2 Se 6 . We find the Curie temperature T c of Cr 2 Ge 2 Se 6 can be dramatically enhanced beyond room temperature by applying 3 % strain, which is much higher than the T c = 28 K in 2D Cr 2 Ge 2 Te 6 in recent experiment. In addition, the anomalous Hall conductivity in 2D Cr 2 Ge 2 Se 6 and Cr 2 Ge 2 Te 6 is predicted to be an order of magnitude larger than that in diluted magnetic semiconductor Ga(Mn,As). Based on superexchange interaction, two mechanisms are found to be important to enhance the T c in 2D Cr 2 Ge 2 Se 6 by applying strain. One is the enhanced direct antiferromagnetic coupling between Se and Cr due to the increased partial density of state of Se(4p), and the other is the enhanced ferromagnetic coupling due to the decreased 3d orbital occupation number n d of Cr away from the critical value. Our finding highlights the microscopic mechanisms to obtain the room temperature ferromagnetic semiconductors by strain.
The 
